A group of organic chromophoric molecules including siloles, pyrans, tetraphenylethylenes and fulvenes, are designed and synthesized. Light emissions of conventional luminescent materials are often quenched by aggregate formation. These molecules, however, become stronger luminophors when aggregated although they are practically nonemissive in their dilute solutions. By varying their packing structures in the aggregation states, emission color ranging from blue to red can be achieved. The emission of fulvenes can also be controlled by changing their morphology. While they emit a faint light in the amorphous state, their crystal forms are strongly luminescent. Intermolecular interaction or restriction of intramolecular rotation in different states may be responsible for such behaviors. Thanks to such effects, the molecules can be employed as sensors for the detection of explosives, organic solvent vapors, solution pH, and biomacromolecules. Further modification of their structures by molecular engineering endeavors may generate materials that can find an array of applications in optical display systems and as biological probes.
INTRODUCTION
Study of organic luminophoric materials has drawn great attention in recent decades owing to the urge from rapid development of flat-panel displays and detection devices. 1−5 Most of the luminescent materials show strong emission in solutions. However, they are prone to aggregate when fabricated into thin solid films or dispersed in aqueous media due to the strong electronic and hydrophobic interactions between their aromatic moieties. 6, 7 Self-quenching accompanies with aggregation resulting in the reduction of the signals which limits their applications in light-emitting devices and biological probes. Much effort has been devoted to mitigate agglomerate formation of these molecules in the solid states by inducing sterically hindered structures such as dendron substituents to prevent this close proximity. 7−9 In fact it would be more fascinating to explore novel organic molecules or polymers which do not suffer self-quenching and even display enhanced light emission upon aggregation. 10−12 Recently we have observed a unique phenomenon of aggregation-induced emission (AIE) in a group of low molecular weight molecule systems. 13−24 When dissolved in good solvents, they are practically nonemissive ("off"). However, addition of non-solvents can cause them to aggregate and turn the emission "on". Herein, we describe four types of AIEactive molecules developed by our group. They are siloles, pyrans, tetraphenylethylenes (TPE), and fulvenes. We would like to present their unusual optical properties and applications as fluorescent sensors.
EXPERIMENTAL

Instrumentations
1 H spectra were measured on a Bruker ARX 300 spectrometer using deuterated dichloromethane as solvent. Tetramethylsilane (TMS) was used as internal reference for the NMR analyses. UV-vis absorption spectra were recorded on a Milton Roy Spectronic 3000 Array spectrophotometer and photoluminescence (PL) spectra were measured on a Perkin-Elmer LS 50B spectrofluorometer with Xenon discharge lamp excitation. X-ray diffraction intensity data were collected at 100 K on a Bruker-Nonius Smart Apex CCD diffractometer with graphite-monochromated Mo Kα radiation.
Synthesis
The silole, pyran, TPE, and fulvene derivatives are prepared according to our previous publications.
15−23
Preparation of PMMA doped thin films
AIE molecules were mixed with poly(methyl methacrylate) (PMMA) in a weight ratio of 1:10 and then dissolved in chloroform before being spin-coated onto quartz plates.
Fluorimetric titration of biomacromolecules
Bovine serum albumin (BSA) and calf thymus DNA (ctDNA) were selected as model proteins and DNA. BSA was dissolved in a pH 7.0 phosphate buffer solution (1.0 mg/mL). DNA was dissolved in deionized water (1.0 mg/mL) and filtered through a 0.45 µm filter. The actual concentration (in nucleic base) was determined by UV photometry using the extinction coefficient ε 260 = 6600 M -1 cm
Stock solutions of polyenes were 5 × 10 -4 M in water. Fluorescence titration was carried out by sequentially adding 100 µL aliquots of DNA or BSA solutions to a 100 µL stock solution of polyenes, followed by adding an aqueous phosphate buffer (10 mM, pH 7) to acquire a 10.00 mL solution. The mixtures were stirred for half an hour prior to taking their spectra. 
Chart 1
RESULTS AND DISCUSSION
Aggregation-induced emission
Lipophilic AIE-active molecules, such as PMS, DCMStP, BrC 2 TPE, and BpPDBF, are soluble in common organic solvents such as chloroform, tetrahydrofuran (THF), and acetonitrile, slightly soluble in methanol and ethanol but completely insoluble in water. When they are molecularly dissolved in good solvents, they are practically nonemissive. Addition of nonsolvents causes the molecules to aggregate and turns their light emission "on". Figures 1−3 show the photoluminescent (PL) spectra of a few molecules as examples. The ethanol solution of PMS emits almost no light ( Figure 1 ). When a large amount of water is added, the aggregates of PMS emit a strong bluish green luminescence at 490 nm. A thin film of PMS prepared by vapor deposition also gives a strong PL spectrum. Clearly, the aggregates of PMS are stronger emitter than its isolated species. We estimated the PL quantum yields (Φ F ) in ethanol and ethanol/water mixtures, using 9,10-diphenylanthracene as the reference. The Φ F value for the ethanol solution is as low as 0.063%. It remains almost unchanged when up to 50% water is added to the ethanol solution but starts to swiftly increase afterwards. At a water fraction of 90%, the Φ F rises to 21%, which is 333 times higher than that of the ethanol solution.
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Intensity ( The dilute acetone solution of DCMStP shows extremely weak emission at 512 nm ( Figure 2 ). When aggregated in water, red emission peaked at 631 nm is observed. Unlike in silole, the PL spectrum of DCMStP is unsymmetrical, exhibiting two sidebands at 578 and 671 nm. Different luminescence colors can be achieved by attachment of substituents on the phenyl rings. For example, the emission color of DCholP, a cholesterol-containing pyran derivative, can be easily tuned from green, yellow to red by varying the water fraction of the water/THF mixture ( Figure 3 ). 
Crystallization-induced emission enhancement
Fulvenes display similar AIE behaviors as siloles and TPEs do. However, careful analysis of their PL spectra in acetonitrile/water mixtures reveals a change in PL intensity and peak maximum at different water fractions. An example is given in Figure 4 . When the water content of the mixture is increased from 70 to 99%, the Φ F of BpPDBF is decreased drastically, accompanying with a red-shift in the emission maximum. It is speculated that this decrease should be due to the change in the packing order of the aggregates from a crystalline state to an amorphous one. In lower water ratio, the molecules may have sufficient time to assemble in an ordered fashion to form more emissive crystalline clusters with blue shift emission maximum compared with that of the amorphous state. In contrast, in higher water ratio, for example 99 vol%, the molecules may abruptly agglomerate in a random way to form less emissive amorphous powders. In order to confirm that the crystalline aggregates of BpPDBF are more dazzling emitters than its amorphous counterparts, crystals of BpPDBF were grown from an ethanol/THF mixture and its amorphous powders were prepared by rapidly quenching its melt with liquid nitrogen. The crystalline and amorphous natures of the samples are verified by their X-ray diffractograms: 23 the former exhibits many sharp reflection peaks, while the latter gives only a weak, broad, diffuse halo ( Figure 5A ). The crystals emit a bright blue light of ~450 nm in a of 16%, but the amorphous powders emit a faint yellow light of ~550 nm in a Φ F of 0.5%, hence exhibiting a distinct crystallization-induced emission enhancement (CIEE) effect. 
Mechanism
The novel AIE and CIEE effects challenge our understanding of fluorescence process of traditional luminophoric materials. During the investigation and development of AIE systems, we found that such AIE behaviors can be attributed to intermolecular interaction or restriction of intramolecular rotation (RIR) in different states. [23] [24] [25] [26] [27] For silole-based molecules, RIR of the phenyl peripheries against the silacyclopentadiene core in the aggregation state is the main cause for the AIE effect. RIR of their conjugated pendant groups eliminate nonradiative relaxation process, and thus boost their fluorescent emissions. This is also the case for TPE-based AIE molecules.
In order to verify this hypothesis, we doped the AIE molecules into PMMA films (10% by weight), which serve as a solid "solvent" to disperse the molecules and impede their aggregate formation. The thin films of both silole and TPE derivatives exhibit bright emission, just as those of their nanoaggregation states in solution, indicating that the interaction between molecules plays a less important role and their AIE phenomena can be attributed to the RIR of the phenyl moieties. To further prove this mechanism, the fluorescent behaviors of TPE derivative are thus investigated in high viscosity at low temperature, because under these circumstances their intramolecular rotations would be hampered. At room temperature, the glycerol/water (99:1 v/v) mixture of the water-soluble TPE derivative AmC 4 TPE emits intense blue light at 467 nm although in pure water solution, just obscure emission can be observed ( Figure 6 ). Meanwhile, lower the temperature to below zero can increase the emission intensity dramatically just as expected. From dynamic NMR experiments of a dichloromethane solution of BrC 2 TPE, broadened resonance peaks can be observed with a decrease in temperature ( Figure 7) . It is well known that fast conformational exchanges caused by fast intramolecular rotations give sharp resonance peaks. Decrease the temperature would slower the rotations and hence exchanges, thus giving broadened peaks. All these results confirm that the restriction of intramolecular rotations plays a critical part in the AIE process of siloles and TPEs. Different from siloles and TPEs, the AIE properties of pyrans and fulvenes may result from intermolecular interactions rather than RIR. The PMMA film of AIE-active DCMStP only emits dim green light, comparing with strong red emission of its aggregation state. After study the single crystal of DCMStP, we found that several different crystal packing modes can be identified, including H-aggregation mode (face-to-face interaction) and J-aggregation mode (head-to-tail interaction). Since each packing mode has its own characteristics in terms of UV absorption and PL emission, the unusual luminescent behaviors should thus be explained as the cooperative effects of these packing modes.
Analyses of theoretical calculation of DCMStP also reveal the strong dependence of the emission on its molecular packing modes. 19 Usually crystallization will red-shift emission spectra and decrease the emission intensity. Fulvenes such as BpPDBF, however, show the opposite phenomenon. The absorption and emission spectra of the amorphous aggregates of BpPDBF are red-shifted from those of its crystalline counterparts. This implies the formation of such detrimental species as excimers in the amorphous aggregates via π-π stacking of the biphenyl and fulvene rings, which weakens the emission of the aggregates. On the other hand, there is little such π-π interaction in the crystals of BpPDBF, which may account for their bluer emission. X-ray analysis data tell that intermolecular multiple C-H•••π hydrogen bonds in the crystals hamper the aromatic rings from undergoing conformational changes caused by intramolecular rotations. This structural rigidification may have made the crystals stronger emitters, thus making them CIEE-active.
Application
Based on their AIE features, the AIE-active molecules can be utilized as chemo-and biosensors. [27] [28] [29] 20 The emission of a thin film of HPS coated on the inner wall of a quartz cell is enhanced and blue-shifted upon exposure to volatile organic compounds (VOCs) ( Figure 8A ). The PL of PMS is, however, quenched progressively with the exposure time ( Figure  8B ). Interestingly, when the VOCs are removed, it becomes visibly emissive again. This demonstrates that the importance of molecular structure on the vapochromism of siloles. But to its fully aromatic structure, the amorphous film of HPS crystallizes upon solvent-fuming, which thus enhances the light emission. On the other hand, the film of PMS is hard to crystallize upon solvent exposure and the solvent molecules may impede the dye molecules to aggregate, resulting in a decrease in PL intensity. The presence of aromatic explosives such as nitroaromatics or biologic macromolecules affects the luminescent behaviors of these AIE dyes. Whereas the first ones efficiently quench the light, the later ones enhance the emission. Nitroanilines (NAs) are used as model compounds for the explosive detection. The PL of HPS-iPropyl diminishes upon addition of NAs into the solution (Figure 9 ). From its Stern-Volmer plot we found that the quenching constant varies when the regiostructure of the quencher changes, which implies that HPS-iPropyl is capable of optically distinguishing the nitroaromatic regioisomers. (Figure 11 ). Native folding BSA contains hydrophobic sites such as hydrophobic pockets. Surfactants, such as SDS, can destroy the quaternary structure of BSA, thus making it unfold. The dye molecules can no longer bind to the hydrophobic pockets and are released as isolated species to the solution, which turn off their light emission. Cationic TPE derivative AmC 2 TPE also shows fluorescence "light-up" property when binding to biomacromolecules, such as proteins and DNA ( Figure 12 ). The interaction between AmC 2 TPE and DNA can be attributed to electrostatic interaction. Linear relationship between the emission intensity and the concentration of analytes is existed in certain range, which is of great importance in protein and DNA assays. All these features make AIE-active molecules excellent candidates for the usage in various sensor and detection devices. 
CONCLUSION
In summary, we have designed and synthesized a group of organometallic and organic dyes with unusual fluorescence behaviors. These molecules are almost nonluminescent when molecularly dispersed in organic solvents but become highly emissive when aggregated into nanoclusters or fabricated into thin films. Different luminescence colors can be achieved by varying their pendant structures and packing modes in the aggregation states. The emission of fulvenes can also be controlled by changing their morphology. Crystallization has induced significant enhancements in their fluorescence efficiency in comparison with those of molecular solutions and amorphous powders. Such AIE and CIEE features can be attributed to intermolecular interaction or restriction of intramolecular rotation in different states.
Utilizing such abnormal behaviors, we have used these molecules for the fabrication of sensors for detecting organic solvent vapors, explosives, and biomacromolecules. Further modification of their structures may generate materials that can find an array of applications in optical display systems, environmental sensoric systems and as biological probes.
